Changes in levels of the newly discovered cytidine 3':5'-cyclic monophosphate (cyclic CMP) phosphodiesterase in some representative tissues (cerebral cortex, kidney, intestine, liver, heart, and lung) of guinea pigs from various developmental stages (fetus, neonate pup, and adult) were studi and compared with those of cyclic AMP and Methods. Guinea pigs of both sexes and of various developmental stages were used. They included the fetus (15-20 days before birth), neonate (1-3 days postpartum), pup (21 days old), and adult (over 200 days old).
studi and compared with those of cyclic AMP and cyclic GMP phosphodiesterases in the same tissues. It was observed that the tissue levels of cyclic CMP phosphodiesterase were invariably the lowest in every one of the fetal tissues examined, the highest in the corresponding tissues from the pups and adult, with intermediate levels seen in some neonatal tissues. The patterns of the ontogenetic changes in levels of cyclic AMP and cyclic GMP phosphodiesterase activities, however were variable and tissue specific. These findings suggest that the de ressed cyclic CMP phosphodiesterase activity (hence, the efevated cyclic CMP concentration) is perhaps a common factor in developing tissues undergoing rapid cell proliferation. The data also sugest that metabolism of cyclic CMP is perhaps more closely related to cell proliferation than the metabolism of cyclic AMP or cyclic GMP.
Bloch (1) (2) (3) first reported the presence of cytidine 3':5'-cyclic monophosphate (cyclic CMP) in leukemic L-1210 cells. He also demonstrated that the addition of cyclic CMP to leukemic L-1210 cells in culture resulted in a stimulation of cell proliferation, and that its concentration was higher in regenerating liver than in normal liver. Cytidylate cyclase, the enzyme that catalyzes the formation of cyclic CMP from CTP, has been reported by Bloch and Leonard (4) and Cech and Ignarro (5, 6) . The activity of the enzyme was shown to be higher in rapidly proliferating than in slowly proliferating tissues, such as in regenerating liver and murine myeloid leukemia when compared to their respective controls (5). These observations indicate a possible relationship between increased intracellular cyclic CMP and cell proliferation.
Occurrence of cyclic CMP phosphodiesterase in a number of mammalian tissues (7) and in leukemic L-1210 cells (8) has been reported. Our preliminary experiments showed that the enzyme levels are lower in regenerating and fetal liver (7, 9) and in Morris hepatoma 3924A (10) The assay methods for cyclic AMP and cyclic GMP phosphodiesterase activities were the modifications (11, 12) of those originally described by Thompson and Appleman (13) , using 20 mM Mg2+ to activate the enzymes. The cyclic CMP phosphodiesterase activity was assayed by the method described earlier (7) . In brief, the reaction mixture contained, in a final volume of 0.1 ml, Tris-HCl (pH 7.5), 5 ,mol; FeSO4*7H20, 1 ,gmol; 5'-nucleotidase (snake venom), 20 ,ug; cyclic [5-3H]CMP, 0.1 nmol or 0.1 Amol, containing 82,000 cpm; and appropriate amounts of the enzyme (homogenate). The reaction was carried out at 370 for 10 min. After the reaction was terminated by heating the reaction mixture at 900 for 1 min, 0.4 ml of water was added to the incubation tubes. The entire contents of the tubes were applied onto AG1-X8 columns (Cl-form, 0.5 X 1.0 cm), followed by 1 ml of water. This washing fraction (1.5 ml) contained the [5-3H]cytidine formed. Cyclic [5-3H] CMP and [5-3H]CMP were retained by the resin, which could be eluted by 1 mM HC1. Appropriate amounts of the enzyme activities and incubation times were used in all assays so that 10-25% of the cyclic nucleotides were hydrolyzed under the assay conditions. The activity values reported were corrected for blank values obtained in the absence of added enzymes.
RESULTS
The activity of cyclic CMP phosphodiesterase, assayed with 1 1AM cyclic CMP, in homogenates from the livers of the fetal and adult guinea pigs were linear with respect to the amount of enzyme (Fig. 1A ) and incubation time (Fig. 1B) . Since the same amounts of liver homogenates were used, the data also indicated that the enzyme activity level was lower in the fetal liver than in the adult liver. The enzyme activity and its relative activity level were also linear in the fetal and adult tissue, similar to those shown in Fig. 1 , when assayed with a much higher concentration ( reported herein, the phosphodiesterase activities for cyclic CMP, cyclic AMP, and cyclic GMP from all tissues, assayed with either 1 uM or 1 mM of substrates, were linear with respect to the amount of enzyme and incubation time under the assay conditions, in order that the ontogenetic changes in the enzyme levels in tissues could be assessed accurately.
In the cerebral cortex of guinea pigs, the tissue levels of phosphodiesterase activities for cyclic CMP, cyclic AMP, and cyclic GMP, assayed with both substrate concentrations, were lowest in the.fetus (Fig. 2) . Their activity levels, with a possible exception of the cyclic GMP phosphodiesterase of low Km (with 1 MiM substrate), increased rapidly as the tissue developed and reached the adult values in the neonatal stage. The lowest levels of all the enzyme activities were also found in the fetal kidney (Fig. 3) . Interestingly, the cyclic GMP enzyme of high Km (with 1 mM substrate) in the kidney from the neonate and pup increased to levels that were higher than the adult values, whereas cyclic CMP phosphodiesterase (assayed with both 1 AM and 1 mM substrate concentrations) and the cyclic AMP and cyclic GMP enzymes of low Km increased to intermediate values in the neonates. In contrast to the cerebral cortex and the kidney, the cyclic CMP enzyme level was the only one depressed in the intestine of the fetus, which remained fully depressed in the neonate, and increased subsequently as the animal matured (Fig. 4) . No changes in the intestinal levels of cyclic AMP and cyclic GMP phosphodiesterases were observed during the entire course of development. In the liver, the only enzymes found to be depressed were cyclic CMP and the cyclic GMP phosphodiesterases of high Km of the fetus (Fig. 5) .
Since the cyclic AMP and cyclic GMP phosphodiesterases of low Km are considered more important physiologically (14) , and the species of high Km is the only form of the enzyme shown for cyclic CMP phosphodiesterase (7), the three enzyme activities were assayed using their appropriate substrate concentrations for the developing heart and lung (Fig. 6 ). All three enzyme activities were depressed in the fetal heart, but a level higher than that seen in the adult was noted for the cyclic GMP enzyme in the neonate. Both the cyclic CMP and cyclic AMP phosphodiesterases were depressed, whereas the cyclic GMP enzyme was conversely elevated, in the fetal lung.
Kinetic studies of cyclic CMP phosphodiesterase showed that the enzyme from the fetal kidney, liver, and heart had Vmax values that were lower than those of the enzyme from the corresponding adult tissues (Fig. 7) . Since the same amounts of tissues were used, the data were taken as evidence to indicate that the fetal tissues contained lower activity levels of the enzyme than the adult tissues, in agreement with the findings shown in Figs. 1, 3 Fig. 2 . The individual mean enzyme activity levels seen in the adult kidney for 1 MM cyclic CMP, cyclic AMP, and cyclic GMP were 109, 17,830, and 22,130, respectively; the corresponding values with 1 mM substrates were 62,950, 682,600, and 524,600, respectively. The data presented are from three to six animals. Asterisks, significantly different from the adult (P < 0.05 to P < 0.005). thermore, the Km values for cyclic CMP of the enzyme from the fetal tissues were the same as those from the corresponding adult tissues (Fig. 7) , indicating that the adult and the fetal enzymes are probably of the same molecular species.
DISCUSSION
We reported earlier some ontogenetic aspects of the cyclic AMP-and cyclic GMP-dependent protein kinases (14) and cyclic AMP and cyclic GMP phosphodiesterases (10) . In the present studies, we suggested that the newly identified cyclic CMP phosphodiesterase was also involved in development, with its levels invariably being the lowest in the fetal tissues. The present findings suggest that the levels of the cyclic CMPhydrolyzing enzyme may be inversely related to cell proliferation, exemplified by the growth of fetal tissues. Although it remains to be seen whether the fetal tissues have elevated cyclic CMP concentrations, the findings also suggest that, provided cytidylate cyclase (the cyclic CMP-synthesizing enzyme) is not depressed during development, the cyclic CMP concentration may be positively related to cell proliferation. The above contention appears to be supported by observations that the regenerating liver has a higher cyclic CMP concentration (3), a higher cytidylate cyclase activity (5), and a lower cyclic CMP phosphodiesterase activity (7, 9) compared to the control liver. . 4 . Changes in the activity levels of phosphodiesterases in the intestine of developing guinea pigs. Assay conditions, presentation of data, and symbols used in the figure were the same as in Fig. 2 . The individual mean enzyme activity levels seen in the adult intestine for 1 ,M cyclic CMP, cyclic AMP, and cyclic GMP were 108, 17,270, and 8580, respectively; the corresponding values with 1 mM substrates were 38,060, 1,600,300, and 415,430, respectively. The data presented are from three to six animals. Asterisks, significantly different from the adult (P < 0.05 to P < 0.0005).
Depression of cyclic CMP phosphodiesterase seems to occur in malignant growth as well. We noted that the enzyme level in the fastest growing Morris hepatoma 3924A is only about 10% of the control liver (10). Interestingly, the enzyme level in the most slowly growing Morris hepatoma 9618A is not any lower than that in the control liver (10) , suggesting that the degree of depression of the enzyme may be also related to the rate of Changes in the activity levels of phosphodiesterases in the liver of developing guinea pigs. Assay conditions, presentation of data, and symbols used in the figure were the same as in Fig.  2 . The individual mean enzyme activity levels seen in the adult liver for 1 MiM cyclic CMP, cyclic AMP, and cyclic GMP were 254, 12,090, and 9980, respectively; the corresponding values with 1 mM substrates were 127,500, 298,900, and 744,840, respectively. The data presented are from three to six animals. Asterisks, significantly different from the adult (P < 0.05 to P < 0.0001). FIG. 6 . Changes in the activity levels of phosphodiesterases in the heart (Upper) and lung (Lower) of developing guinea pigs. Assay conditions, presentation of data, and symbols used in the figures were the same as in Fig. 2 . The individual mean phosphodiesterase activity levels seen in the adult heart for 1 mM cyclic CMP (0), 1 ,M cyclic AMP (A), and 1 AM cyclic GMP (3) were 37,100,25,150, and 18,900, respectively; the corresponding values for the adult lung were 13,400, 9450, and 13,300, respectively. The data presented are from three or four animals. Asterisks, significantly different from the adult (P < 0.05 to P < 0.005).
cell proliferation. On the other hand, depression of the enzyme may be unrelated to tissue growth in which enlargement of existing cells rather than increase in cell number is the predominant event, such as in cardiac hypertrophy in rats produced by isoproterenol (7) .
In contrast to cyclic CMP phosphodiesterase, the ontogenetic changes in levels of cyclic AMP and cyclic GMP phosphodiesterases were found to be variable, and the patterns of changes were tissue specific. The nature of relationships among the metabolisms of the three cyclic nucleotides with respect to tissue development are unknown. It appears, however, that the metabolism and role of cyclic AMP, and perhaps of cyclic GMP, may be related more to the functional aspects of specific tissues, whereas those of cyclic CMP may be more fundamental to cell proliferation, either physiologic or pathologic.
As reported earlier for the liver from adult rats (7) , only the cyclic CMP phosphodiesterase of high Km was found in the adult as well as the fetal tissues of the guinea pigs in the present studies ( Fig. 7 and unpublished data) . The biological significance of this low-affinity, high-capacity enzyme is not clear. It is possible that the cellular cyclic CMP concentration (although as yet to be measured) may approach the millimolar range. On the other hand, it can be argued that the enzyme may function to "safe-guard" the cells so that the concentration of cyclic CMP might not approach the millimolar range, a concentration range presumably critical for promoting cell proliferation. This speculation appears to be in line with our observations that the activity of cyclic CMP phosphodiesterase is invariably lower in the rapidly growing tissues. Comparison of double-reciprocal plots of cyclic CMP phosphodiesterase from the kidney (Top), liver (Middle), and heart (Bottom) of fetal (0) and adult (0) guinea pigs. Homogenates of tissues (both fetal and adult) used in the assay represented 10, 10, and 13 mg of the kidney, liver, and heart, respectively. The concentrations of cyclic CMP used ranged from 0.33 to 3.33 mM. The activity (v) is expressed as pmol X 10-4/min per g of tissue.
